Silicon wafers were corroded by NaOH aqueous with a high concentration as a substrate preprocessing. These corroded Si wafers with rougher surfaces could provide some initial small discontinuous 'islands' for the deposition of silver via glancing angle deposition technique. It turned out that this pretreatment could help to improve the separation of Ag nanorods and result in an enhancement on the Raman intensity, with an increase of 223% at most compared with the one without alkali corrosion. This preprocessing is considered to be a simple, practical and effective way to prepare better SERS-active substrates and improve the sensitivity of trace amount detection using SERS in the future.
Introduction
Raman spectrum is considered to be a powerful technique for the study of molecular structural since its discovery in 1927. 1) Especially as the laser light sources with monochromatic photons at high flux densities, which could offer a much higher monochromatic source, was introduced into Raman detection, this technique attracted more and more attention with a wide range of applications such as material science, petrochemical, medical science, archeology and geological study. 24) In 1974, Fleicshmann and Van Duyne et al. 5) discovered that molecules adsorbed on the surface of specially prepared silver surfaces produced a Raman spectrum that was at times a millionfold more intense than expected, which is known to us all as 'surface-enhanced Raman scattering (SERS)' at the moment. Since then, SERS became an effective method which has led to an increase application of study of structural details 68) and trace amount detection of organic pollutants 914) because of its ultrasensitivity. Two classes of SERS mechanisms, electromagnetic and chemical, are considered to be the most important two factors to explain the experimental phenomenon of SERS. The former one relies on the fact that the rough metal surface can offer the condition of surface plasmon excitation, which can lead to a great enhancement of the electromagnetic field of the light at the surface. 15, 16) The amplification of both the incident laser field and the scattered Raman field through their interaction with the surface constitutes this mechanism. The latter one is based on the theory that the chemical interaction between the molecule and metal can help to increase the polarizability of the molecule. 16) In recent years, more and more attention is focused on the study of preparing substrates which can improve SERS effect by varying the morphology of precious metal nano-structure. Among these methods, substrate modifying is one of the effective ways. For example, Chanda Ranjit Yonzon et al.
used an alkane-thiolate tri monolayer as a partition layer for the preconcentrating of the detection molecule; 17) Qin Zhou et al. prepared underlayer thin films using Ag, Al, Si and Ti before the deposition of Ag nanorods as tunable reflective layers in order to increase the reflected electric field from the substrates; 18) Xian Zhang et al. fabricated micro-patterns of silicon using electron beam lithography technique, the better performance of SERS benefited from a coupling effect at the micro-nano scales. 19) P. F. Liao and J. G. Bergman et al. deposited silver particles onto a lithographically produced microstructure to study the particle plasmon theories of SERS; 20) E. A. Wachter et al. fabricated a base layer as a foundation to control the pattern and spacing of the metal needle arrays. 21) Glancing angle deposition (GLAD) is widely known as a convenient and practical method to prepare precious metal nano-structures for the using as the SERS-active substrate, of which the basic growth mechanisms are atomic shadowing and limited adatom diffusion.
2226) This technique is very mature so that it has already been used widely in this field.
2730) In the initial stage of this process, some small discontinuous crystal nucleus or artificially introduced bumps are needed to produce shadow.
In our work, silicon wafer was corroded with NaOH aqueous to obtain a rough surface before we had Ag deposited on it. Chemical reaction between alkali and silicon can be described as the chemical equation below:
Corrosion time is an important parameter in this preprocessing. Using the alkali corroded silicon wafer with different corrosion time as the substrate for GLAD, Ag nanorods with different separation morphology were obtained. Having these Ag films as SERS-active substrates for the detection of Rhodamine 6G molecules, it turned out that the Raman intensity showed correlation with the corrosion time, from which we may offer a novel protocol to improve SERS detection.
Experimental
Silicon wafers with an orientation of (0 0 1) were ultrasonically cleaned, following an order of deionized water, acetone and ethanol for twice, and every step took 5 min. Alkali solution used in our experiment was NaOH aqueous with a concentration of 2 mol/L. Silicon wafers marked 0
# were immersed into the alkali solution for 0 min, 5 min, 10 min, 15 min* 30 min, respectively. All the pretreated Si wafers were washed with deionized water and ethanol twice after corrosion to remove the reaction product from the surface. Ag thin films were deposited via GLAD technique with a deposition angle of ³88°with a background vacuum of 9.0 © 10 ¹6 Pa. During the whole procedure, the substrate was kept at a temperature level of ¹20°C, which benefited from liquid nitrogen cooling. Deposition rate was set at ³0.5 nm/s. And the whole procedure of Ag film preparation took about 12 min, which could provide Ag nanorods with a length of ³300400 nm as we expected. The morphology of Ag nanorods was demonstrated by FEG scanning electron microscopy (FEI, Quanta 200F). The performances of different SERS substrate were evaluated by Raman spectrometer (HORIBA JOBIN YVON, HR 800) using Rhodamine 6G (with a concentration of 10 ¹4 mol/L) as the probing molecule, and a 633 nm HeNe laser as the excitation source. Surfaces of different corrosion status were characterized by LEXT 3D Measuring Laser Microscope (OLS 4000) and Atomic Force Microscope, AFM (SPA-300 HV). Figure 1 shows the SEM photos of Ag nanorods grew on substrates with different corrosion conditions, from (a) to (d) the corrosion time is 0, 10, 20 and 25 min, respectively. From these pictures, it is obvious that the separation of Ag nanorods gets better and better from 0 # to 4 # gradually and then gets worse again. The morphology of Ag nanorods is considered to be affected by the surface status of the Si wafer. To confirm our conjecture, surfaces of Si wafers with different corrosion stages were observed with LEXT 3D Measuring Laser Microscope. Figures 2(a)2(c) show micrographs of non-corroded, corroded and over-corroded with corrosion time of 0, 20 and 30 min, respectively. And also, for a smaller scale, these surfaces were characterized by AFM as well, as shown in Figs. 3(a)3(d) . AFM Photos from (a) (d) show surfaces of corroded Si wafers with 0, 10, 20 and 30 min respectively. From these pictures, it is very clear that for the wafer which was not corroded, the surface is relatively smooth. As the corrosion time increased, the roughness. The one with corrosion time of 20 min shows rough surface which is considered to be able to provide some small discontinuous 'islands' during the initial stage of deposition. When the corrosion time increased furthermore, some square plat with relatively large size formed (Fig. 2(c) ), probably due to intergranular corrosion. And instead of many hollows in Fig. 3(c) , in Fig. 3(d) , uniform bumps appeared. Table 1 showed roughness data of the surfaces with different corrosion time, which was obtained from AFM measurement. The performances of these SERS-active substrates were characterized by using them in Raman spectrum scanning for the detection of Rhodamine 6G molecules with a concentration of 10 ¹4 mol/L. Substrates were immersed into Rhodamine solution for 30 min and dried under N 2 flow. For every sample, eight Raman spectrums were scanned on the different spots of the surface. We pick one of the Rhodamine's typical peaks with a Raman shift at 612 cm ¹1 as the analysis peak, and dealt with the data via Gaussian simulation. Relationship of integral intensities of the peaks and corrosion time was obtained as shown in Fig. 4 .
Result and Analysis
From the data, we can see the Raman intensity is consistent with the morphology of Ag nanorods (shown in Fig. 1) , the better the separation of nanorods is, the higher Raman intensity can be detected. And the alkali corrosion preprocessing is considered to be the essence. However, it is not the longer corrosion time is the better result we can obtain. In our experiment, the optimal corrosion time was 20 min, which showed a 223% enhancement in Raman intensity compared with the one without any corrosion.
Conclusion
A novel method of substrate preprocessing with alkali corrosion, was introduced in this manuscript for the first time.
Corroded by NaOH with a high concentration, the surface of Si wafers became rough and could provide some initial small discontinuous 'islands' for the deposition of Ag via GLAD technique. Furthermore, separation of the Ag nanorods was improved as a result and brought an enhancement on Raman intensity. An optimal corrosion time of 20 min was found to improve Raman detection most. This alkali corrosion preprocessing is considered to be a simple, practical and effective way to prepare better SERS-active substrates and improve the sensitivity of trace amount detection using SERS in the future.
